electromyographic comparison of maximal effort horizontal and vertical jumping. It was of particular interest to identify factors responsible for the control of jump direction. Eight male subjects performed maximal horizontal jumps (HJ) and vertical jumps (VJ) from a standing posture with a counter movement. Three-dimensional motion of the trunk, pelvis, and bilateral thigh, shank, and foot segments were recorded together with bilateral ground reaction forces and electromyographic (EMG) activity from seven right leg muscles. Relative to the VJ, the trunk is displaced further forward at the beginning of the HJ, through greater ankle joint dorsiflexion and knee extension. The activity of the biarticular rectus femoris and hamstrings were adapted to jump direction and helped to tune the hip and knee joint torques to the requirements of the task. The primary difference in joint torques between the two jumps was for the knee joint, with the extension moment reduced in the HJ, consistent with differences in activation levels of the biarticular rectus femoris and hamstrings. Activity of the mono-articular knee extensors was adapted to jump direction in terms of timing rather than peak amplitude. Overall results of this study suggest that jump direction is controlled by a combination of trunk orientation at the beginning of the push-off and the relative activation levels of the biarticular rectus femoris and hamstring muscles during the push-off. simulation model that realistic horizontal jumps may be achieved using the muscle stimulation patterns from a vertical jump by simply rotating the body mass forward in relation to the base of support prior to extending the legs. The authors referred to this as a rotation-extension strategy. Results suggested that the required adaptations to the net joint moments that occur when jumping forward compared to upward can be produced by intrinsic muscle properties alone (ie. stiffness and damping). This simplifies the neural control of tasks such as jumping because the same muscle stimulation is effective, although not optimal, for a range of jump directions.
Introduction
Studies of maximal vertical jumping have revealed important insights regarding how the neuromuscular system controls and coordinates movement. For example, the effect of muscle strengthening (Bobbert and van Soest, 1994; Nagano and Gerritsen, 2001) , starting posture (Selbie and Caldwell, 1996) , tendon compliance (Bobbert, 2001; Anderson and Pandy, 1993) , a countermovement Finni, et al., 2000; Fukashiro, et al., 1995; Nagano, et al., 1998) , muscle stimulation dynamics (Bobbert and van Zandwijk, 1999a,b; Zandwijk et al. 2000) , muscle coordination patterns (Pandy et al. 1990 ) and segment interactions (Bobbert and van Soest, 2001 ) have all been investigated using the maximal vertical jump. Relatively few studies however have investigated the standing horizontal jump, or made comparisons between the vertical jump and the horizontal jump. Such comparisons are of interest because of the potential to better understand the factors that influence control of jump direction.
R i d d e r i k h o f f e t a l . ( 1 9 9 9 ) c o m p a r e d t h e vertical jump with horizontal jumps without a countermovement at different projection angles and demonstrated via the use of a forward dynamics
Direction Control in Standing Horizontal
and Vertical Jumps simulation model that realistic horizontal jumps may be achieved using the muscle stimulation patterns from a vertical jump by simply rotating the body mass forward in relation to the base of support prior to extending the legs. The authors referred to this as a rotation-extension strategy. Results suggested that the required adaptations to the net joint moments that occur when jumping forward compared to upward can be produced by intrinsic muscle properties alone (ie. stiffness and damping). This simplifies the neural control of tasks such as jumping because the same muscle stimulation is effective, although not optimal, for a range of jump directions. In a comparison of countermovement jumps performed in different directions, Jones and Caldwell (2003) explored hypotheses concerning the role of mono-articular and bi-articular muscles. It was hypothesized that bi-articular muscle activity would be modulated to control the direction of the ground reaction force for jumps in different directions, whereas mono-articular muscle activity would not be affected by jump direction. These hypotheses are based on the idea that bi-articular muscles are activated to tune the distribution of moments amongst joints in order to meet task requirements (Jacobs and Ingen Schenau, 1992) , whereas mono-articular muscles are activated when they can contribute positive work at the joint they span (Jacobs, Bobbert & van Ingen Schenau, 1993) . While Jones and Caldwell (2003) showed activity of the biarticular rectus femoris, hamstrings and gastrocnemius changed with jump direction, changes in activity patterns of some mono-articular muscles were also observed in contrast with their hypothesized role. Jones and Caldwell (2003) also reported that the centre of mass had unique linear and angular momenta at the beginning of the push-off for each jump direction, which suggested that direction control begins during the countermovement phase.
The purpose of the present study was to perform a detailed kinematic, kinetic, and electromyographic comparison between HJ and VJ throughout the countermovement, push-off phase and initial flight phase. More specifically, it was of interest to determine to what extent a rotation-extension strategy described by Ridderikhoff et al. (1999) for horizontal jumps performed without a countermovement, is adopted in horizontal jumps performed with a countermovement. It was hypothesized that jump direction would be influenced by a combination of body configuration at the beginning of the push-off, as well as the relative activation of bi-articular muscles during the push-off.
Methods
Eight male intermediate level Australian Football players (mean (SD) body height: 178.3 (7.5) cm, body mass: 70.4 (6.8) kg, age: 24.9 (2.4) yrs) performed three successive standing horizontal and vertical jumps. Subjects submitted written informed consent forms before testing to comply with the ethics committee of The University of Western Australia. Subjects were instructed to jump as 'far' as possible in HJ's, and as 'high' as possible in VJ's, from an erect standing position. Subjects were instructed to keep their hands on their waist during all the jumps and were allowed to perform a countermovement.
Clusters of three retro-reflective markers were firmly attached to the pelvis, thigh, shank, and foot segments of each subject using double-sided tape. Markers were also attached to the sternum, left and right acromion processes, and thoracic spinous process (opposite the sternum marker) to represent the trunk segment (Figure 1) . Three-dimensional segment motion was recorded using a six-camera, 50-Hz VICON motion analysis system (Oxford Metrics Ltd., Oxford, UK) and ground reaction force data were collected synchronously from two AMTI force plates at 2000 Hz (Advanced Mechanical Technology Inc., Watertown, MA). A kinematic and kinetic model was developed using BodyBuilder software (Oxford Metrics Ltd., Oxford, UK) to determine trunk angle relative to the horizontal, as well as hip, knee, and ankle joint angles and moments. The lower limb model has been described in detail elsewhere (Besier et al. 2003) and produces repeatable kinematic and kinetic data by utilizing functional methods to define hip and knee joint centres. Sagittal plane hip, knee, and ankle joint angles, moments and power data were averaged across three trials for each subject.
Electromyographic (EMG) data were recorded synchronously at 2000 Hz from seven lower limb muscles (Motion Lab Systems, Baton Rouge, LA). Bipolar surface electrodes (Ag/AgCl 3M Red Dot) were placed over the following muscles of the right leg; m. rectus femoris (RF), m. vastus medialis (VASMED), m. vastus lateralis (VASLAT), m. http://www.soc.nii.ac.jp/jspe3/index.htm 274 semimembranosus (SEMIMEM), m. biceps femoris (BIFEM), m. gastrocnemius medialis (GASMED), and m. gastrocnemius lateralis (GASLAT). The skin was shaved and exfoliated using coarse plastic gauze, then cleaned with alcohol prior to electrode placement. Raw EMG signals from each muscle were high pass filtered at 30 Hz using a zero-lag Butterworth filter to remove movement artifact. The EMG data were then full wave rectified before being smoothed with an 8 Hz zero-lag low pass Butterworth filter. The resulting EMG profiles were then normalized to a maximal isometric voluntary contraction (MVC) for each muscle group, which was collected prior to the jumping trials.
T h e d e p e n d e n t m e a s u r e s e v a l u a t e d w e r e categorized as center of mass (COM) motion variables, ground reaction force variables, joint rotation variables and muscle activation variables. The COM motion variables included; vertical and horizontal components of the COM velocity at take-off, the projection angle of the COM, and maximal height jump reached by the COM during the jump. Ground reaction force variables were the peak vertical and horizontal GRF in the push-off as well as the minimum 'unweighting' force (arrow a in Figure 2 ) during the countermovement. Joint rotation variables consisted of the peak hip, knee, and ankle joint angles during push-off and take-off as well as the peak sagittal plane hip, knee, and ankle joint moments during the push-off. The peak trunk flexion angle during push-off was also assessed. Muscle activation variables consisted of the peak normalized EMG signals of RF, VASMED, VASLAT, SEMIMEM, BIFEM, GASMED and GASLAT during push-off.
Two-tailed paired t-tests were used to determine differences in each dependent measure between the horizontal and vertical jumps. Significance was accepted at p<0.05.
Results
Mean values for COM motion, ground reaction f o r c e , j o i n t r o t a t i o n a n d m u s c l e a c t i v a t i o n variables for the HJ and VJ are reported in Table  1 . As expected, the horizontal take-off velocity was significantly higher in the HJ compared to the VJ, whereas the vertical take-off velocity, maximal jump height and projection angle of the COM were significantly higher for the VJ.
Notable differences were observed in ground reaction force (GRF) profiles between HJ and VJ (Figure 2) . The peak vertical GRF was greater in the VJ compared to the HJ (Figure 2A) , and the horizontal GRF was much greater in the HJ than in the VJ (Figure 2B) .
Larger peak angular displacement of the trunk segment relative to the horizontal was observed in the HJ than in the VJ (Figure 3) . Although only a small angular displacement of the trunk segment was observed in the VJ after take off, a substantial angular displacement of the trunk segment was observed after take off in the HJ (Figure 3A) . Note also that the trunk translates in the horizontal direction during the push-off in the HJ (Figure 3B ). Joint kinematics of the hip, knee, and ankle were remarkably similar between both jumps during the push-off ( Figure  4A ), but with ~10 degrees less knee flexion in the HJ compared to the VJ. Hip, knee, and ankle joint angles were similar at take-off between the two jumps. Following take off, the hip, knee, and ankle joints began to flex in the HJ in anticipation of the forward landing, whereas these joint angles remained constant during the VJ.
Although the hip, knee, and ankle joint angles were similar between HJ and VJ before take off, the net joint moments displayed more noticeable differences ( Figure 4B ). Hip and knee joints exhibited greater peak extension moments during the VJ than the HJ and were also greater for most of the push-off phase. The timing of peak moment generation at the knee and ankle joints was also different between jumps. In the VJ, the knee moment peak was reached prior to the ankle moment and this sequence was reversed in the HJ. Although the peak ankle joint extension was similar between jumps, the peak ankle moments occurred much earlier in the HJ than the VJ, and reduced to near zero values ~0.1 sec prior to take-off.
Joint powers for the VJ and SJ are displayed in Figure 4C . Joint power at the knee joint was similar between jumps. However, hip and ankle joint powers differed greatly between the two jump conditions, with large variation between subjects. Peak hip extension power generated during the HJ was ~30% less than the VJ, as a result of reduced hip angular velocity and reduced net moment at the hip. The power generated at the ankle in the VJ was more than four times that of the HJ, due to a large reduction in the joint moment towards the end of push off in the HJ condition. Differences in EMG profiles were also observed between the HJ and the VJ (Figure 5) . Compared to the VJ, the peak RF activity during HJ was lower ( Figure 5A ) and the hamstring activation was greater (Figure 5D/E) . Just before take off, VASMED and VASLAT activity reduced in the HJ, whereas substantial muscle activation was maintained even after the instant of take off in the VJ (Figure 5B/C) . GASMED and GASLAT were activated similarly during push off in both jumps, however, greater activation was observed after take off in the VJ compared to the HJ (Figure 5F/G) .
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Discussion
This study sought to identify factors responsible for the control of jump direction by comparing the kinematic, kinetic, and muscle activation data for maximal vertical and horizontal jumps. A focus of the study was to determine the specific nature of differences in the body configuration at the start of and during the push-off. It was also of interest to determine whether muscle activation patterns during the push-off in the horizontal jump were adapted consistent with hypothesis concerning the differential roles of mono-and bi-articular muscles. 
1. Differences in body configuration
The configuration of the body segments at the start of the push-off has previously been shown to explain how an effective horizontal jump can be obtained using the neural input from a vertical jump (Ridderikhoff, et al., 1999) . This strategy (termed rotation-extension) simply involves rotating the centre of mass forward of the feet prior to an explosive leg extension. In the present study, the main difference in the configuration of the segments between HJ and VJ was for the trunk angle at the beginning of the push-off, which was about 25° more flexed in the HJ. The trunk segment was positioned more anteriorly in the HJ, so that subsequent extension of the lower extremity contributed to further anterior displacement of the COM due to a larger horizontal component of the GRF. The reason for the more anterior trunk displacement during the push-off in the horizontal jump was related to the ankle being more dorsi-flexed and the knee being more extended during push-off. These results suggest that, unlike for pure rotation-extension, ankle and knee joint angle profiles are different for maximal vertical and horizontal jumps. However these differences help to locate the body mass appropriately so that it can be projected in the desired direction during the extension phase.
Differences in muscle activation patterns and joint moments
Similar to Jones and Caldwell (2003) , the results of the present study indicate that the activation levels of bi-articular muscles differ according to jump direction. Hamstring activity increased, and rectus femoris activity decreased from the VJ to the HJ consistent with the hypothesis that the activity of biarticular muscles is modulated to control the direction of the ground reaction force (Jacobs and Ingen Schenau, 1992) . These results suggest that bi-articular muscle activity during the push-off plays a part in adapting the joints moments when jumping in different directions. This is not to say that intrinsic muscle properties do not play an important role as demonstrated by Ridderikhoff, et al., (1999) , but rather that the neural control strategy differs according to jump direction, presumably to optimize the jump performance.
The main adaptation to joint moments from VJ to HJ was at the knee, where the extension moment was lower for the HJ, presumably due to lower rectus femoris and greater hamstrings activity. Hip moments were greater in the HJ during the countermovement phase as predicted due to lower rectus femoris and higher hamstring activity which is related to the higher gravitational torque associated with greater trunk flexion in the HJ. However, hip moments were found to be greater for the VJ through push-off, perhaps because of inertial differences between the two jumps. No differences in the peak activity of the mono-articular knee extensors were evident between the two jumps consistent with the hypothesis that these muscles are primarily work generators (Jacobs, Bobbert & van Ingen Schenau, 1993) . However, similar to Jones and Caldwell (2003) qualitative comparisons suggest that the activity of these muscles is more prolonged in the VJ. We interpret this result to indicate that monoarticular muscle activity is adapted to jump direction more in terms of timing rather than peak amplitude.
Conclusion
Results of this study suggest that jump direction is influenced by trunk segment position at the beginning of the push-off as well as the relative activation of biarticular muscles during the push-off, which help to adapt the joint moments to the requirements of the task.
